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Abstract In this work, the structure and stress evolution in
Co/Au and Co/Cu two-layer systems during deposition
were studied. The growth of this system is evaluated by
employing molecular dynamic simulations with potentials
based on the embedded atom method theory. We used the
kinematical scattering theory and the Ackland–Jones bond-
angle method to the structural characterisation of deposited
layers. In both systems, only compressive stress is observed
during the deposition process and process relaxation of
stress is visible. In Co/Au systems, creation of grains and
grain boundaries is observed.
1 Introduction
The growth of thin metal layers of the material on different
substrates may results in different changes in the stresses in
these layers [1]. Stress changes in the deposited layers are
often accompanied by structural changes. Additionally, the
structural changes are one of the mechanisms that cause
stress relaxation in the deposited layers. Understanding the
relationship between changes of stress and structure is very
important for the application of such systems. In one-layer
systems, stress changes may be caused by reconstruction or
formation of defects. For a variety of transition metals,
such as Fe, Ni, or Co, the reconstruction process induces
self-organised growth [2–4]. However, for metals such as
Ag and Au, growth leads to creating point dislocations
[5, 6]. In multilayer systems, there exist more mechanisms
that can change the stress [7].
Many multilayer systems were studied; among others
Co/Cu and Co/Au alloys and multilayer thin films have
been intensively studied [8–10]. Chado et al. [10] studied
the deposition of small clusters of Co on gold surfaces with
regular defects. They concluded that the lattice mismatch
between Au and Co is strong enough to stress storage from
the early stages of growth, and the Co lattice relaxes to its
bulk value. Amir et al. [8] observed that addition of Ag
surfactant in Cu/Co multilayers results in smoother and
symmetrical interfaces and inhibits the interfacial alloying
across the interfaces in Cu/Co multilayers. Without sur-
factant, they observed the metastable Cu/Co phases grow at
the interfaces. Fu and coworkers used molecular dynamics
simulation to study growth Pd/Cu and Cu/Pd [11]. They
considered the influence of incident energy on the structure
of two-layer systems. Their results showed that the surface
roughness decreases with the increase in incident energy,
and twin structures were also observed. Properties of thin
films at the nano-scale level of thickness are still under
intensive studies, motivated by the high importance of their
application [12–14].
In the theoretical work, the molecular dynamics simu-
lation method is commonly used, which includes the
embedded atom method (EAM) applied to describe inter-
actions [15–17]. This method allows an insight into the
studied system at the atomic level, especially at the early
stages of growth layers.
The aim of this work is to study change in the structure
and stress of Co thin metal films deposited on Au and Cu
substrate using three-dimensional molecular dynamics
simulation. To investigate the development of the structure
in Co films, the kinetic theory of scattering and Ackland–
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Jones method were applied. The stress is determined by the
Basinski, Duesberry, and Taylor (BDT) atomic stress
definition.
2 Simulation method
In this study, we applied the molecular dynamic simula-
tions based on the method described in our work [18]. The
process of deposition is simulated as a three-dimensional
model as shown in Fig. 1. The rectangular simulation box
has the dimensions Lx  Ly  Lz ð48:96 A˚  48:96 A˚
40:00 A˚Þ for Au substrate and Lx  Ly  Lz ð43:44 A˚
43:44 A˚  40:00 A˚Þ for Cu substrate. In both cases, the
periodic boundary conditions were applied in x and y
directions. The initial systems are composed of an
unmovable substrate and several buffer layers of the same
metal. These layers are assumed to be the (001) plane of
FCC regular crystal with bulk crystal lattice constants
equal to aAu ¼ 4:08 A˚ and aCu ¼ 3:62 A˚. In contrast to the
substrate, atoms in the buffer layers can change their
position during simulation. Before the deposition process,
buffer layer was equilibrated. Equilibration process min-
imises energy of system giving a stable configuration. Such
configuration has no zero values of stress and depends on
the temperature of the system. In this paper, we consider
the systems at the same temperature. The time step was
Dt ¼ 0:005 ps. Hereafter, the time is expressed as a number
of the time steps. The deposition rate V of atoms is
expressed as a ratio of the number of deposited atoms per
number of time steps ðV ¼ 1=2000Þ. The lower value of
this ratio corresponds to the lower value of the real
deposited rate. The temperature during the simulation was
equal to 300 K, and the energy of deposition was always
equal to 1 eV. The temperature during the simulation was
kept fixed by periodical velocity rescaling. The deposited
atoms and atoms in the buffer layer are under thermal
control. The atomic velocities of these layers are rescaled
at every five-time steps. To prevent the atoms from leaving
the simulation box, a reflecting wall was placed at its top.
The simulation process was divided into two stages. At
first, we created and deposited atoms. The particles were
created at random (x, y) positions and initially oriented
perpendicular to the bottom surface. Next, the system
obtained was equilibrated by periodical velocity rescaling.
In our simulation, the interactions between metal atoms
were described by the embedded atom method (EAM). In













where FiðqiÞ is the embedding energy, f ðrijÞ is the electron
density function, qi is the local electron density at site i,
and /ij is the two-body potential between atoms i and j
separated by distance rij. The embedding energy function is
not dependent on the source of local electron density.
Therefore, it can be used to calculate the energy in a pure
and in a mixture system. The local electron density ðqiÞ at
site i is a superposition of electron density of system atoms.
The value of potential parameters [19] for Cu, Au, and Co
is shown in Table 1.
For atomic system, the stress is determined by the
position of atoms resulting from interatomic potential. The
stress definitions include two parts. One part comes from
Fig. 1 Simulation model
Table 1 EAM parameters [19]
Cu Au Co
re 2.556162 2.885034 2.505979
fe 1.554485 1.529021 1.975299
qe 21.175871 19.991632 27.206789
qs 21.175395 9.991509 27.206789
a 8.127620 9.516052 8.679625
b 4.334731 5.075228 4.629134
A 0.396620 0.229762 0.421378
B 0.548085 0.356666 0.640107
j 0.308782 0.356570 0.5
k 0.756515 0.748798 1.0
Fn0 -2.170269 -2.937772 -2.541799
Fn1 -0.263788 -0.500288 -0.219415
Fn2 1.088878 1.601954 0.733381
Fn3 -0.817603 -0.835530 -1.589003
F0 -2.19 -2.98 -2.56
F1 0.0 0.0 0
F2 0.561830 1.706587 0.705845
F3 -2.100595 -1.134778 -0.687140
g 0.310490 1.021095 0.694608
Fe -2.186568 -2.978815 -2.559307
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the kinetic energy of the atoms, while the second part
comes from interatomic forces. The atomic stress definition
(BDT) was used [20]:
Si ¼ 1
Vi







where mi is the mass of the atom i, vi is its velocity, rij ¼
ri  rj is the vector between atoms i and j, Vi is the volume
of the atom i, fij is the interatomic force, N is the total
number atoms in the domain, and  denotes the tensor







where Si represents the stress of the i-th atom, and N is the
number of atoms in the deposited film. The stress is a
tensor, whose diagonal elements Sxx, Syy, and Szz are
stresses in the x, y, and z directions. The mean biaxial
stress, Sxy, is expressed as Sxy ¼ ðSxx þ SyyÞ=2. The sign
convention adopted here is such that the stress is positive
for expansion and negative for compression.
In order to complete structure analyses of the simula-
tion results, we applied the Ackland–Jones bond-angle
method [21] and the kinematical scattering theory [22].
The Ackland–Jones bond-angle method allows us to
determine the type of the crystalline structure of each
atom. The X-ray diffraction technique is a powerful
method widely used for the structural characterisation of
real materials [23]. This technique was also been
employed for interpreting the data obtained from simu-
lation, in particular to establish the arrangement of atoms
or to determine the lattice constant [24]. In order to cal-
culate the X-ray scattering profiles, we applied the model
based on the kinematical scattering theory proposed in
[25] to calculate the X-ray scattering profiles. This model
allows to calculate both specular and nonspecular X-ray
scattering profiles in a wide range of scattering angles.












where N is the number of in-plane simulated points, M is
the number of atoms in the i-th column, kx is the X-ray
wavelength, fi;j is the atomic scattering factor, Zi;jðxÞ is the
distance of the considered (i, j) atom from the reference
coordinate systems. The distance Zi;jðxÞ is calculated tak-
ing into account the fact that a sample is tilted from the
specular position with a momentarily considered angle x.
This model had earlier been applied to calculate the X-ray
scattering profiles in Cu/Au and Fe/Au systems [18].
3 Results and discussion
We performed a series of molecular dynamic simulations
of growing Co films on Au and Cu substrate. In each
simulation, the total deposited film thickness was equal to
ten monolayers, where one monolayer consists of 288
atoms. In Fig. 2, the evolution of the mean biaxial stress in
deposited Co onto two different materials is presented. In
both cases, changes in the stress are different. In the Co/Au
system, a decrease in compressive stress is observed at the
initial stage of growth. During the deposition process, the
biaxial stress changes towards the tensile direction and
gradually reaches a constant value that does not change
until the end of the deposition process.
In the case of the Co/Cu system, stress changes are
minor compared to the Co/Au system. At the initial stage
of growth in the Co/Cu system, a small compressive value
of stress is observed, next the deposited layers are relaxed
for coverage up to one monolayer. Further growth results in
a small compressive stress up to the end of the deposition.
In Fig. 3, we present the dependence of stress components
in x, y direction for Co/Au and Co/Cu. The shape of the
stress component evolution for the deposited layers directly
correlates with the total changes of stresses. Moreover, we
did not observe any difference in stress components for
cobalt atoms deposited on copper surfaces in contrast to
those deposited on Au, in which the difference in stress
components for coverage over 1500 deposited cobalt atoms
is observed.
To analyse the arrangement of Co atoms deposited on
Cu, we calculated the X-ray diffraction (XRD) intensity
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Fig. 2 Evolution of mean biaxial stress in the system (buffer layers ?
deposited atoms) during the deposition of Co on the Au and Cu
substrate
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profiles. Figure 4 presents the XRD profiles obtained for
Co atoms deposited on Cu were presented. The profiles
were scanned in two perpendicular directions (x, y) for
coverage corresponding to 500 and 2500 deposited atoms.
The selected thickness of the deposited material corre-
sponds to points before and after the separation of the stress
components in the x and y directions presented in Fig. 3.
The XRD profiles obtained for both directions show the
presence of only one peak at an interplane distance equal to
1.81 A˚. The observed peaks correspond to the distances
that occur in the copper buffer layers. This result suggests
that the deposited cobalt layers, despite significant differ-
ences in the lattice constant, fit the crystal lattice of Cu.
Moreover, the intensity and position of XRD peaks in (x,
y) direction are the same.
Similar calculations were performed for cobalt atoms in
the Co/Au system. Figure 5 shows the results of XRD
profiles for Co atoms deposited on Au. For coverage cor-
responding to 500 deposited cobalt atoms, we observed
more than one peak in both directions scanned. For y di-
rection, we observed two peaks, but for x more than twice.
These results suggest that in deposited materials there exist
different regions with different interplane distances. One
can see that for higher coverage a better ordering of
deposited atoms in both directions is observed. The posi-
tion of the peak in y direction corresponds to a position of
gold peaks and suggests that the Co lattice is partially
matched to the Au lattice. In x direction, we observed two
separated interplanar distances. These results suggest that
in Co/Au systems there exists two different crystallo-
graphic structures.
The Ackland–Jones bond-angle method is used to the
structural characterisation of crystal structures obtained
from simulation data, e.g. FCC, BCC, and HCP assigned to
atoms. In Figs. 6 and 7, we present examples of 3D con-
figurations obtained from simulation at the end of the
deposition process (N = 2500) for Co/Cu and Co/Au,
respectively. The open Ovito [26] software was used to
colour the atoms with different local structure.
From Fig. 6, it can be seen that the dominant ordering of
the deposited Co layers are the FCC and BCC. The result
obtained is consistent with the XRD profiles obtained for
this system. XRD profiles for the FCC structure are
insensitive to the presence of the BCC structure rotated by
45 and fitted to the FCC structure in the plane parallel to
the substrate and give only one main peak. The deposited
cobalt layer has ordered according to the FCC structure of
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Fig. 3 Evolution of stress components in x and y directions in the
system (buffer layers ? deposited atoms) during the deposition

























Fig. 4 XRD intensity profiles calculated in Co layers deposited on
Cu. Intensities are scanned along x and y, and presented as
dependences of interatomic distance. Intensity profiles are calculated


























Fig. 5 XRD intensity profiles calculated in Co layers deposited on
Au. Intensities are scanned along x and y, and presented as
dependences of interatomic distance. Intensity profiles are calculated
for the amount of deposited cobalt atoms equal to 500 (part a) and
2500 (part b)
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Matching the structure of the deposited layer minimises
stresses in the system and results in stress isotropy.
In contrast to Co/Cu systems, there is a large amount of
the HCP structure in the Co/Au system, as shown in Fig. 7.
We observe the grain structure and grain boundaries in one
direction only. Atoms in grains have the HCP structure, but
atoms in boundary regions have the FCC structure. The
presence of two characteristic distances in x direction
results in the two visible peaks in the XRD profiles.
However, in y, the XRD profile shows the presence of one
characteristic interatomic distance corresponding to the
substrate layer. This result suggests adjustment of the HCP
and FCC structures in y direction. Due to the differences in
the crystallographic lattice structure of cobalt and gold, the
expected stress should be large. Figure 2 shows that
stresses gradually relax with an increasing amount of the
deposited material. For an amount of deposited material
corresponding to 1400 atoms, we observe a faster
relaxation of the stress component Sxx. This process is
connected with the formation of grains (HCP) intersected
by grain boundaries (FCC). Another factor resulting in the
stress relaxation is tensile stresses generated by deposited
Co atoms. The creation of grains in one direction causes
the loss of coherence in this direction. This process allows
a better fit of the crystalline lattice in the perpendicular
direction. The stress changes in the Co/Au structure are
mainly due to the relaxation in x direction.
4 Conclusions
The paper presents the results of the molecular dynamics
simulation of the stress evolution during the deposition of
Co films on Au and Cu surface.
The most important results from this study include the
following:
• In both the Co/Au and Co/Cu systems at the early stage
of growth, one observes compressive stress. Moreover,
stress relaxation with increasing the thickness of the
deposited materials is observed.
• In the Co/Cu systems, stress relaxation was observed
due to the crystallisation of a mixture of cobalt and
copper atoms forming an FCC and a rotating BCC
structure. In this way, the system relaxes stresses.
• In the Co/Au case, relaxation occurs in a different way.
Cobalt atoms are much smaller than gold atoms and
initially crystallise together with the gold to form a
mixture of grains with different crystallographic struc-
tures. With the increase in the number of cobalt atoms
increases its impact on the surrounding atoms, and at a
certain thickness grains (HCP) and grain boundaries
(FCC) are created. This process relaxes stress.
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